Injection of leukocytes into healthy rat Achilles tendons increases inflammation. Injection of leukocytes into healthy rat Achilles tendons does not affect vascularity. Leukocyte-rich PRP preparations may be contraindicated in settings of acute tendonitis. Leukocyte-rich PRP preparations may be useful for chronic tendinosis. The concentration and composition of white blood cells within PRP preparations is variable and needs to be better understood in order to optimize clinical utility of PRP injections.
Take-Home Points
Injection of leukocytes into healthy rat Achilles tendons increases inflammation. Injection of leukocytes into healthy rat Achilles tendons does not affect vascularity. Leukocyte-rich PRP preparations may be contraindicated in settings of acute tendonitis. Leukocyte-rich PRP preparations may be useful for chronic tendinosis. The concentration and composition of white blood cells within PRP preparations is variable and needs to be better understood in order to optimize clinical utility of PRP injections.
Tendinopathies are debilitating conditions affecting patients worldwide every day. They arise most frequently from tendon overuse resulting in pathology. 1 There are 2 major subtypes of tendinopathy: tendinosis and tendinitis. Tendinosis, the more common condition, is characterized by long-term, chronic degradation of tendon tissue resulting in fibrosis from infiltrating fibroblasts. 2 Tendinitis, the less common condition, is characterized by an acute inflammatory response and inflammatory cell infiltrate. 2 Both conditions are common, with Achilles tendinopathy affecting 11% of runners and lateral epicondylitis affecting 1% to 3% of the general population. 3, 4 Many sports-related overuse injuries, such as tendinopathies, go undiagnosed for extended periods of time because medical attention is avoided in order to prevent time loss from training or competing. 5 These delays could be eliminated if a non-surgical option for treating tendon pathology was available.
Tendinopathies are believed to result from tendon overuse that causes micro-damage to collagen, as well as from significant changes in protein and enzyme composition within the tendon. 6 The damage accumulates over time and eventually leads to chronic inflammation or fibrotic change within tendons, in both cases weakening the tendon and causing pain. Currently, accepted treatments for tendinopathies include: nonsteroidal anti-inflammatory drugs, physical therapy, ultrasound, laser-therapy, corticosteroids, glyceryl trinitrate patches, extracorporeal shock wave therapy, sclerotherapy, and surgery. 7 Recently, platelet-rich plasma (PRP) therapy has emerged as a promising treatment for tendinopathies, as well as a variety of other orthopedic indications.
PRP consists of autologous blood from the patient, centrifuged to increase the amount of platelets in the sample above baseline, and subsequently injected around an affected tendon or joint. 8 PRP is used to treat tendinopathy because it can supply injured tendons with blood components that aid in healing, which tendons do not receive due to poor vascularity. 9 These components include growth factors, such as platelet derived growth factor (PDGF), transforming growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), endothelial growth factor, and leukocytes that can stimulate an inflammatory response within the injured tissue. 10 The inflammatory response from the PRP induces a more robust reconstruction and revascularization of the injured tissue, stimulating proliferation, and remodeling. 11, 12 However, significant variability exists within the platelets, leukocytes, and growth factors that comprise PRP. This is attributed to 3 major causes. First, current commercial preparations of PRP result in differing platelet concentrations, as well as leukocyte-rich and leukocyte-poor compositions. 13, 14 Variability in platelet concentrations results in unreliable amounts of growth factors, including cytokines, TGF-β, PDGF, VEGF and basic fibroblast growth factor in each preparation, while leukocyte levels affect inflammation, all leading to variable effects for each preparation. 15, 16 Second, despite sex and age of the PRP donor not being significant factors influencing variation in growth factor concentrations, the existence of an unexplained variation in concentrations of growth factors between different donors has been observed. 17 Third, the selection of activating agents, bovine thrombin or calcium chloride, and their application, whether to the elbow, shoulder, or knee, produces variability. 18 While the effects of platelets and growth factors in PRP have been well studied, less is known about the effects of differing cell types. Recently it was reported that the concentrations of leukocytes directly affect the outcomes of PRP injections. McCarrel and colleagues 19, 20 found that as the number of leukocytes increased, there was a concomitant increase in the expression of inflammatory cytokines and catabolic activity. This effect may result in inferior healing of injured tissues and is attributed to the release of pro-inflammatory cytokines such as interleukin-1β from the leukocytes. 21 There is also evidence that minimizing the catabolic effect of leukocytes may be just as important to tissue healing as the maximizing anabolic effect of platelets and growth factors. 22 The use of PRP has been highly disputed in recent years due to conflicting reports of its success in treating orthopedic conditions. Numerous favorable studies have shown benefit for treating chronic and acute orthopedic injuries including; rotator cuff tear repair, chronic refractory patellar tendinopathy, and chronic lateral tendinosis/epicondylitis. [23] [24] [25] [26] Concurrently, articles demonstrating no significant effects from PRP have also been published. One study claiming that PRP injections did not improve outcomes of chronic Achilles tendinopathy did not differentiate whether patients had tendinosis or tendinitis, and did not consider leukocyte concentration in their PRP preparations 27 Another study that determined PRP is not beneficial to the healing of ruptured Achilles tendons after surgical repair also failed to consider the concentration of leukocytes in their PRP preparations. 28 One of the difficulties in comparing these studies is their heterogeneous nature. This arises from the use of different conditions in each study that makes the studies incomparable. Variations in PRP preparations lead to different concentrations of growth factors, platelets, and leukocyte concentrations. Additionally, tendinopathy models were not specified as tendinosis and tendonitis, and models or patients were not controlled for age, sex, or comorbidities. Given that leukocyte-rich and leukocyte-poor PRP preparations are currently widely used in clinical practice, the discovery of which type of preparation is indicated in which setting is paramount to evidence-based use of this treatment modality. Due to reports suggesting that leukocytes may be detrimental to tendon healing, determining which types of leukocytes are responsible for these effects is vital. As such, the purpose of this study is to determine the in vivo effects of sub-populations of leukocytes on normal rat tendons. This study design allowed us to isolate the effects of the injections to induce a response and remove confounding effects of normal healing response to a damaged tendon and effects from the injection itself. Our hypothesis was that the injection of leukocytes would cause an inflammatory response in rat tendons, leading to catabolic outcomes.
Methods
This was a prospective, in vivo, placebo controlled, randomized animal study. The University's Institutional Animal Care and Use Committee approved all procedures prior to initiation. Twenty-four male Sprague-Dawley rats were randomized to 3 treatment groups (n = 8): monocytes; granulocytes, and; plasma, as a negative control.
Allogenic blood from 6 additional rats was collected into K2EDTA tubes via cardiac puncture. Allogenic, as opposed to autogenic, blood is commonly used in rat models because of low immunogenic response to blood from rats of the same strain and litter. 29, 30 The blood was then pooled and the red cells lysed by incubation with Red Blood Cell Lysis Buffer (Roche). The samples were then sorted into fractions containing monocytes and granulocytes using fluorescence activated cell sorting (FACS) using a FACSAria (BD Biosciences). Cells were sorted using Purified PE Mouse Anti-Rat CD11b/c antibodies (BD Pharmingen) specific to monocytes, granulocytes, macrophages, dendritic cells, and microglia, APC-Cy7 Mouse Anti-Rat CD45 antibodies (BD Pharmingen) specific to all hematopoietic cells except erythrocytes, and FITC Mouse Anti-Rat CD42d antibodies (BD Pharmingen) specific to megakaryocytes and platelets. 20 μL of 0.2 mg/mL CD11b/c, 20 μL of 0.2 mg/mL CD 45, and 10 μL of 0.5 mg/mL CD42d antibodies were added to 1 mL of condensed non-red cells collected from the 6 rats and incubated at room temperature in the dark for 15 minutes. A fraction containing only platelet-poor plasma was also collected. For all treatments the injection volume was 75 μL. Rats in the monocyte group were injected with 200,000 cells in platelet-poor plasma, those in the granulocyte group were injected with 900,000 cells in platelet-poor plasma, and rats in the plasma control group received only platelet-poor plasma. The cell concentrations were based on previous studies that documented these concentrations that are found in typical leukocyte-rich PRP preparations. 13 The animals were anesthetized with isoflurane gas and then injected aseptically once into their right Achilles tendon. The left Achilles tendon was used as an un-injected control, giving a total of 48 total Achilles tendons studied. At days 7 and 14 post-injection, 4 rats from each group were euthanized and the Achilles tendons were harvested.
The tendons were fixed in neutral buffered formalin for 24 hours and then embedded in paraffin and sectioned sagittally at 12 μm. The tendons were then stained with hematoxylin and eosin (H&E) using standard histological protocols and examined by 3 individuals trained to assess cellularity and morphology. All samples were assigned unrecognizable numbers and randomized prior to examination by individuals. Cell counts were based on the number of nuclei present in 3 mid-tendon high-power fields (400x) per sample. Morphology was graded on a scale of 1 to 3, with 1 being a normal tendon and 3 having severe pathology with total loss of alignment and crimping on 3 low-power fields (100x) per sample (Figures 1A-1G ).
Vascularity was assessed by immunohistochemical staining using Rabbit Polyclonal Anti-CD31 antibodies (Abcam), a marker for vascular endothelial cells, using a Vectastain ABC Kit (Vector Laboratories) system and the ImmPACT AEC Peroxidase (HRP) Substrate (Vector Laboratories). Following staining, automated image analysis was performed (Bioquant). Briefly, all areas that did not contain tendon were masked. CD31 positive areas were then quantified using global thresholding. Vascularity was then calculated as ratio of CD31 positive area to total tendon area. Analyses were performed on 3 mid-tendon medium-power (200x) fields per sample.
For cellularity and morphology, the results for the injected tendons were normalized to those of their contralateral untreated controls and reported as a percentage. Results for vascularity were compared directly between treated tendons. Differences were assessed between groups at each time-point using Independent Samples Median Tests. When significant differences were identified, pairwise comparisons were performed to identify the source of the differences. All analyses were conducted using SPSS (V22, SAS Institute) with significant differences determined for values of P < 0.05.
Results
No significant differences in cellularity between groups were seen at day 7 (P = 0.368) ( Figures 1A-1G ). However, a significant difference in cellularity between groups was seen at day 14 (P = 0.014). Pairwise tests showed there to be a significant increase in the number of cells in the tendons treated with granulocytes from 221% and 249% in cellularity (P = 0.014) on day 14, as compared to both monocytes and plasma, respectively. Morphologically, no significant differences were seen between groups at either time-point (P = 0.091 for day 7 and P = 1.000 for day 14) (Figures 2A-2G ). However, a significant improvement in morphology was observed from day 7 to day 14 in the granulocyte group from 60% to 165% (P = 0.029). Finally, no differences were seen in vascularity between treatment groups at either time-point (P = 0.368 for day 7 and P = 0.535 for day 14) (Figures 3A-3G ).
Discussion
Our hypothesis that the injection of leukocytes would cause an inflammatory response in rat tendons leading to catabolic outcomes was confirmed in the granulocyte group. It should be noted that prior to the catabolic outcome, there was a transient anabolic effect in the granulocyte group during the second week. Deterioration in morphology was observed in the tendons injected with granulocytes on day 7, which subsequently recovered in the following week. We found that injecting granulocytes into normal tendons resulted in an increase in inflammatory cellularity, when compared to monocytes and plasma injections.
Limitations inherent in this study are those similar to other in vivo studies. To begin with, the results of injections into rat tendons may not be translatable to human tendons. Despite this limitation, the rat is a common model for tendon research. 31 Another limitation is that this study injected healthy Achilles tendons, rather than tendons with preexisting tendinopathy. In a naturally occurring tendinopathy, there may be other factors present that interact with PRP, and this model negates the contribution of these factors. Finally, while the immunohistochemistry (IHC) and morphological data are clear, the cellularity data are not clear in identifying the type of cells that were increased by granulocyte injection. However, the cells appeared rounded, resembling inflammatory infiltrate; a common cell type seen in tendons. 2 While fibroblasts are also a common infiltrate during chronic tendinopathy, they are generally flat and appear on H&E as long spindle shaped cells. Thus, we believe the increased cellularity of the tendons after granulocyte injections is representative of an increase in inflammation. The increased cellularity could be due to the increased number of cells injected into the tendon; however, our conclusions are consistent with the increased inflammation previously reported linking leukocytes to tendon inflammation.
In terms of morphology, we hypothesized that degenerative changes would be seen in the tendons that were injected with granulocytes due to the inflammatory action of these cells. As part of the granulocyte response, neutrophils release proteases and macrophages can stimulate collagen synthesis via fibroblasts, both causing change within the extracellular matrix. 33, 34 Indeed, we observed a significant change in tissue morphology in the granulocyte group over the course of 14 days. As the degenerative and regenerative effects of granulocytes take time to present, this is likely what we observed to occur between day 7 and 14 after treatment. These observations are also consistent with prior observations that leukocyte-rich PRP injections can be detrimental to tendon healing, but beneficial to tissue degeneration in the setting of chronic tendonitis. 20 We hypothesized that the vascularity of the tendons would be similar in all preparations. This was based on previous studies demonstrating that the lack of platelets in the platelet-poor plasma fraction is sufficient to deplete VEGF, the angiogenic agent in PRP. 35 In this study, there were no observable differences in vascularity of platelet-poor plasma, monocyte, and granulocyte injections. We attribute this to the lack of VEGF in any of these preparations. The aforementioned study also showed that the lack of platelets in injection was enough to prevent the angiogenic effect of this treatment. 35 The goal of this study was to assess the morphology, cellularity, and vascularity of normal tendons after injections of different leukocyte populations. This is clinically important because of the potential to tailor future PRP injections on a patient-by-patient basis. In patients requiring an anabolic response, leukocyte-poor PRP may be the best option. In contrast, when patient pathology requires an inflammatory response to improve healing 36 or breakdown fibrotic tissue, as seen in tendinosis, leukocyte-rich PRP may be warranted. Further, properly controlled clinical studies are needed to validate these recommendations.
Limitations inherent in this study are those similar to other in vivo studies. First, the results of injections into rat tendons may not be translatable to human tendons. Despite this limitation, the rat is a common model for tendon research. 31 A second limitation is that this study injected healthy Achilles tendons, rather than tendons with preexisting tendinopathy. In a naturally occurring tendinopathy, there may be other factors present that interact with PRP, and this model negates the contribution of these factors. Finally, while the IHC and morphological data show clear changes, the cellularity data are not clear in identifying the type of cells that were increased by granulocyte injection. However, the cells appeared rounded, resembling inflammatory infiltrate; a common cell type seen in tendons. 2 While fibroblasts are also a common infiltrate during chronic tendinopathy, they are generally flat and appear on H&E as long spindle shaped cells. The last limitation of this study is the lack of functional mechanical testing since, clinically, healing of the tendon is also related to the strength of the tendon. Thus, we believe the increased cellularity of the tendons after granulocyte injections is representative of an increase in inflammation. Moreover, our results are consistent with the increased inflammation previously reported linking leukocytes to tendon inflammation. 20, 22, 32 It is interesting to note that the increase in inflammation does not lead to an increase in vascularity as could be expected.
Conclusion
We found that the injection of leukocytes into healthy rat Achilles tendons increases inflammation, as evidenced by increased cellularity and disrupted morphology, which suggests that leukocyte-rich PRP preparations may be contraindicated in settings of acute tendonitis. However, these preparations may be useful for a specific subset of tendinopathies, including chronic tendinosis.
